Summary Several studies have demonstrated that localized heating of tree stems induces localized cambial reactivation. We analyzed by light microscopy the effects of early spring increases in ambient temperature in 2005 and 2007 on the timing of cambial reactivation and xylem differentiation in stems of two trees of a cloned deciduous hardwood hybrid poplar (Populus sieboldii Miquel. × P. grandidentata Michx.) growing under natural conditions. Meteorological data at the study site showed that temperatures in late winter and early spring We propose that the timing of cambial reactivation is controlled by air temperature and that earlier cambial reactivation induces earlier differentiation of xylem in hybrid poplar under natural conditions. Our results indicate that the CRI might be a useful indicator of the timing of cambial reactivation.
Introduction
The vascular cambium of tree stems undergoes seasonal cycles of activity and dormancy (Catesson 1994 , Larson 1994 . Cambial activity is regulated by both internal signals and environmental factors. In temperate-zone species, cambial activity exhibits periodicity and usually occurs from early spring to early autumn. Studies of the physiology and dendrochronology of cambial activity indicate that temperature is closely associated with the radial growth of tree stems (Denne and Dodd 1981 , Schweingruber 1988 , Fonti et al. 2007 ). Moreover, the temperature must exceed some threshold value before radial growth can begin (Schmitt et al. 2004 , Rossi et al. 2007 ). Mäkinen et al. (2003) suggested that the annual maximum growth rate of the cambium in Picea abies (L.) Karst. is regulated by temperature. By contrast, Rossi et al. (2006) reported that, in conifers such as Abies, Larix, Picea and Pinus, the maximum growth rate occurs at about the same time as maximum day length.
Much research has focused on the natural reactivation of cambium in trees such as Salix viminalis L. (Sennerby-Forsse 1986) , Fraxinus excelsior L. Catesson 1991, Frankenstein et al. 2005) , Aesculus hippocastanum L. (Barnett 1992) , Robinia pseudoacacia L. Evert 1997a, 1997b) , Populus trichocarpa (Torr. & Gray) (Arend and Fromm 2003) , Pinus contorta Dougl. ex Loud. (Rensing and Samuels 2004) and Acer platanoides L. (Frankenstein et al. 2005) . However, none of the cited studies identified the factors that regulate the timing of cambial reactivation, and, therefore, the physiological regulation of cambial reactivation remains unclear (Sundberg et al. 2000 , Funada et al. 2002 .
There are many reports of the positive effects of localized stem heating on reactivation of the cambium in evergreen conifers such as Pinus contorta (Savidge and Wareing 1981) , Picea sitchensis (Bong.) Carr. (Barnett and Miller 1994) , Cryptomeria japonica D. Don (Oribe and Kubo 1997) , Abies sachalinensis (Schmidt) Mast. (Oribe et al. 2001 (Oribe et al. , 2003 and Picea abies (Grièar et al. 2006 ). These observations led to the hypothesis that stem temperature is a limiting factor in the onset of cambial reactivation. We previously showed that, in hybrid poplar (a deciduous diffuse-porous hardwood), cambial reactivation could be induced in winter by 4 weeks of localized stem heating (Begum et al. 2007 ). However, the effects on cambial reactivation and xylem differentiation of increases in ambient temperature under natural conditions remain unclear.
We aimed to determine whether natural increases in ambient temperature induce cambial reactivation and xylem differentiation in a deciduous hardwood. Specifically, we examined the behavior of cambial cells and their derivatives in the model tree Populus sieboldii Miquel. × P. grandidentata Michx. (Bradshaw et al. 2001 , Mellerowicz et al. 2001 , Chaffey 2002 . A knowledge of cambial responses in poplar stems under naturally elevated ambient temperatures might help to predict the timing of cambial reactivation during late winter-early spring.
Materials and methods

Plant materials
We studied two 12-year-old specimens of a cloned hybrid poplar, Populus kitakamiensis (P. sieboldii × P. grandidentata) (mean height, 10 m; mean stem diameter at breast height, 13 cm) that had been developed by Nippon Paper Co., Japan. The trees were growing in the field nursery of the Tokyo University of Agriculture and Technology in Fuchu, Tokyo (35°40′ N, 139°29′ E, 40 m a.s.l.). Maximum, mean and minimum air temperature data during the experiments were obtained from the Japan Meteorological Agency located at Fuchu, Tokyo.
Sample collection
In 2005, the stems of the two trees were sampled, at breast height, at 2-to 3-day intervals from March 1 to May 31. In 2007, stems were again sampled on the same days as in 2005. A series of small blocks (2 × 2 × 1 cm) containing phloem, cambium and some xylem were removed with a scalpel and chisel. The excised blocks were then cut into 2-mm-thick samples immediately after removal from the tree.
Sample preparation
Tissue samples were fixed in 4% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) under vacuum for 1 h at room temperature. Fixed samples were washed in 0.1 M phosphate buffer and trimmed to 3 mm in length for subsequent fixation in 1% osmium tetroxide in 0.1 M phosphate buffer for 2 h at room temperature. After washing in phosphate buffer, the specimens were dehydrated in a graded ethanol series and embedded in epoxy resin. Transverse sections of about 1 µm thickness were cut with glass knives on a Reichert ultramicrotome. Sections were examined by light microscopy for evidence of cambial reactivation (the presence of new cell plates) after staining with 1% aqueous safranin (Murakami et al. 1999 , Nakaba et al. 2006 , Begum et al. 2007 ). In each sample, 40 radial files of cambial cells were observed.
Calculation of the cambial reactivation index
The sum of the number of degrees centigrade in excess of a threshold value of the daily maximum temperature from February 1 to the initiation of cambial cell division was taken as the cambial reactivation index (CRI):
where T md is maximum daily temperature in excess of a given threshold value and T t is a given threshold temperature. We used this formula to calculate CRI values for study trees at several T t values from 5 to 18 °C.
Anatomical measurements of vessel elements
Because the annual-ring boundary of the current-year xylem was not smooth in the examined samples (see Figures 3e  and 3f ), we selected a cross-sectional area of 93,672 µm 2 in the current-year xylem, close to the boundary of the annual ring, for measurements of anatomical parameters of mature vessel elements. Mature vessel elements with a thick secondary wall were distinguishable from developing vessel elements. The mean diameter and area of vessel elements, vessel area as a percentage of unit area, and the number of vessel elements per unit area in the current-year xylem, were determined with image-analysis software (ImageJ, National Institutes of Health, MD) as described by Bayramzadeh et al. (2008) . Mature vessel elements with a cross-sectional area of more than 380 µm 2 were distinguished from wood fibers and axial parenchyma cells on the basis of the frequency distribution of porous areas in the current-year mature xylem as described by Bayramzadeh et al. (2008) .
Statistical analysis
The t-test (paired sample comparison) was used to compare the means of studied parameters, and results were considered significant at P < 0.05. 
Results
Air temperature during the 2-year study
Threshold temperature
Based on a range of T t values of 5, 10, 12, 14, 15, 16, 17 580°C, 255 and 302°C, 190 and 204°C, 101 and 119°C, 93 and 96°C, 63 and 68°C, 45 and 51°C, and 35 and 39°C, respectively . Among these calculated CRI values for 2005 and 2007, the similarity was closest for the values based on a T t of 15°C (i.e., 93 and 96°C). Therefore, we considered 15°C to be the daily maximum temperature threshold for the calculation of cambial reactivation index (CRI 15 ).
Temperature effects on cambial reactivation
Cambial cells sampled on March 15 in 2005 and 2007 had no new cell plates, indicating that the cambium was still inactive (Figures 2a and 2b) . In 2007, the maximum daily temperature started to increase from March 20 and cambial reactivation (first cell divisions of the cambium) was first observed on March 29 (Figures 1a and 2d ). On the same day, March 29, in 2005, the cambium remained inactive (Figure 2c ). In 2005, the maximum daily temperature started to increase on April 3 and cambial reactivation occurred on April 15 (Figures 1a and 2e) In both 2005 and 2007, cambial reactivation occurred when the maximum daily temperature was above 15°C (Figure 1a ) and the minimum daily temperature was above 0°C (Figure 1c) . The temperature was consistently above 15°C for 8 to 10 days before the first cell divisions were evident in the cambium. In 2005 and 2007, cambial reactivation occurred when the CRI 15 was 93 and 96°C, respectively (Figure 1a ). There was no obvious difference in the date of onset of cambial reactivation or progression of cambial reactivation between the study trees in 2005 or 2007.
In both years, cell division in phloem began before cambial cell division and xylem differentiation (Figures 2d and 2e ), as previously observed by Begum et al. (2007) A wide range of threshold temperatures has been used to predict the onset of bud burst and wood formation (e.g., Schmitt et al. 2004 , Rousi and Heinonen 2007 , Seo et al. 2008 . Rossi et al. (2007) observed that, in conifers such as Larix decidua Mill., Pinus cembra L. and Picea abies, wood formation occurred above a certain threshold value of mean daily temperature, which ranged from 5.6 to 8.5°C in eastern Italy. Deslauriers et al. (2008) reported that, in Pinus leucodermis Ant., the calculated thresholds for wood formation were about 5.5, 8.2 and 11.5°C for minimum, mean and maximum daily temperature in southern Italy, respectively. We found that, in 2005 and 2007, cambial reactivation in poplar stems occurred when the maximum daily temperature exceeded 15°C for 8 to 10 days. Therefore, in stems of deciduous hardwood hybrid poplar, the threshold value of daily maximum temperature (TL in Figure 1a ) for cambial reactivation seems to be 15 °C. Seo et al. (2008) found that the accumulation of temperatures above a threshold of 5°C, expressed in degree-days, could be used to predict the effect of temperature on the date of onset of cambial activity in Pinus sylvestris L. Our results showed that the sum of daily maximum temperatures in excess of a threshold of 15°C before the initiation of cambial cell division, which we defined as the cambial reactivation index (CRI 15 In our study, cambial reactivation occurred when the minimum temperature exceeded 0°C for 9 to 12 days. In March 2005, the maximum daily temperature often exceeded 15°C but the minimum temperature was sometimes below 0°C. Under these conditions, no new cell plates formed in the cambium in March. Thus, low temperatures appear to be important for maintening the cambium in a quiescent state. Schrader et al. (2003) found that, in the hybrid aspen Populus tremula L. × P. tremuloides Michx., auxin transport capacity, which is important for the maintenance of cambial activity, increased when the minimum daily temperature was above 0°C for several days. A minimum temperature above 0°C appeared to be critical (CL in Figure 1c ) for cambial reactivation in the stems of the hybrid poplar we studied.
Several studies have demonstrated that localized heating induces cambial reactivation sooner than under natural conditions in a variety of evergreen conifers (Savidge and Wareing 1981 , Barnett and Miller 1994 , Oribe and Kubo 1997 , Oribe et al. 2001 , Grièar et al. 2006 and in a deciduous hardwood (Begum et al. 2007) . Similarly, we found that increases in ambient temperature under natural conditions were closely related to the timing of cambial reactivation in poplar stems, indicating that cumulative maximum temperature is a critical factor in the breaking of cambial dormancy.
Once cambial reactivation had occurred, xylem differentiation began within 3 or 4 weeks under natural conditions. Simi-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Rossi et al. (2007) observed that high spring temperatures induced early resumption of cell production in the cambium and a consequent early onset of xylem cell differentiation in conifers. Deslauriers and Morin (2005) observed that, in Abies balsamea (L.) Mill., the rate of secondary xylem differentiation largely depended on minimum air temperature. Kirdyanov et al. (2003) reported that the onset of xylem differentiation was depended on temperature and the date of cambial initiation. Our results showed that the higher temperatures in spring 2007 compared with spring 2005 were associated with the earlier onset of xylem differentiation after reactivation of the cambium. The difference in timing of the start of xylem differentiation between the two years was about 4 weeks, indicating that the timing of xylem differentiation depends on the date of onset of cambial reactivation. The anatomical characteristics of vessel elements differed between 2005 and 2007. We found a significantly higher frequency of vessel elements with slightly smaller diameters in 2007 than in 2005. It has been suggested that the balance of plant hormones is closely related to the diameter and frequency of vessel elements (Aloni 1991 , Sundberg et al. 2000 . Variations in the timing of cambial reactivation and xylem differentiation might affect vessel anatomy through changes in the balance of plant hormones in the cambial region.
In conclusion, temperatures from late winter to early spring appeared to influence the physiological processes involved in the initiation of cambial cell division and xylem differentiation in hybrid poplar. Cumulative elevated temperatures from late winter to early spring resulted in early initiation of xylem differentiation and an extended growth period in poplar stems. However, earlier cambial reactivation might also result in increased frost damage because cold tolerance decreases after cambial reactivation. The newly defined cambial reactivation index (CRI 15 ), in combination with meteorological data, may help predict the timing of cambial reactivation.
